Synthesis of 2-azaspiro[4.4]nonan-1-ones via phosphine-catalysed [3+2]-cycloadditions
(7b) or the amide (7c) derivative of 2-butynoic acid with either 2-methylene γ-lactams 4 or 5 or the acrylate 6, followed by reductive cyclization with zinc (Scheme 1). Enantiomerically enriched versions of 2 can be obtained using or the chiral (1S)-camphor sultam analogue 7b to generate the key spiro-heterocyclic system of these target molecules (Scheme 1). The phosphine-catalysed cycloaddition of ethyl buta-2,3-dienoate or ethyl 2-butynoate with electron-deficient alkenes has been established as a useful method for preparing substituted cyclopentenes [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] both in racemic and enantio-enriched forms.
14 However, only a few examples of preparing spiro-heterocyclic derivatives using this method have been reported. 7, [11] [12] [13] During the initial phase of our study, Lu et al. reported the triphenylphosphine-catalysed cycloaddition reaction of 4 and 7a. 
Results and Discussion
The results of the phosphine-catalysed [3+2]-cycloaddition reactions of the 2-methylene γ-lactams 4 and 5 with the ylide 8a (X = OEt), that was generated in situ from the reaction of ethyl 2-butynoate 7a and tributylphosphine (TBP) are shown in Scheme 2. The reaction of 4 13 with ethyl 2-butynoate 4 was employed. Based on steric considerations alone, the regiochemical outcome of this reaction can be rationalised as occurring via the transition state A (R = H, X = OEt) which would be expected to be favoured over the more sterically demanding transition state B (R = H, X = OEt, Scheme 3). Under similar conditions the chiral 2-methylene γ-lactam 5 16 reacted with the ylide 8a (X = OEt) to produce three cycloadducts, 11, 12 and 13, in a ratio of 63 : 17 : 30, respectively, from 1 H NMR analysis of the crude reaction mixture (Scheme 2). Diastereomerically pure samples of 11 (28% yield) and 13 (13% yield) could be obtained after extensive purification, however a pure sample of 12 could not be obtained due to difficulties in separating 12 from 11 and 13. Although the absolute stereochemistries of 11 and 13 could not be unequivocally proven from 2D NMR experiments we assume that the major cycloadduct 11 arises from attack of the ylide onto the face of the 2-methylene group of 5 that is anti to the ethyl ester substituent (via transition state A, R = CO 2 Et, X = OEt, Scheme 3). In order to prepare enantiomerically enriched versions of 15, the corresponding cycloaddition reaction of 6 with the chiral alkyne 7b, derived from Oppolzer's (1S)-chiral sultam, 18 The spiro-cyclic compounds 9, 10 and 15 have three functional groups that can be further derivatised to provide compounds with increased structural diversity. For example, the N-Boc protecting group in racemic 9 and 10 was readily removed upon exposure to trifluoroacetic acid (TFA) to give compounds 22 and 28, respectively (Scheme 6). Both compounds gave single crystals for X-ray structural analysis (not shown). 15 The nitrogen atom of 22 and 28 was readily Nbenzylated with benzyl bromide under basic conditions and the resulting compounds 23 and 29, respectively, were converted to the N-aryl amide derivatives 25a,b 15 and 31a, respectively, through amide bond formation between their respective carboxylic acids, 24 and 30 15 To explore a more direct method to these N-aryl amide derivatives, the phosphine-catalysed [3+2]-cycloaddition reactions of the 2-methylene γ-lactam 4 and acrylate 6 with the ylide 8 (X = NHPh), that was generated in situ from the reaction of N-phenyl 2-butynamide 34, was examined (Schemes 8 and 9). These reactions were unsuccessful, presumably due to internal quenching of the ylide 8 (X = NHPh) by the relatively acidic secondary amide NH. In accordance with this hypothesis was the fact that the corresponding N-PMB protected ylide 8c (X = N(PMB)Ph), generated in situ from the tertiary amide 7c, gave the racemic cycloadducts 35 and 36, in yields of 14% and 55%, respectively (Schemes 8 and 9). These reactions, while poor to modest in yields, were completely regioselective, presumably due to the increased steric bulk of the ylide 8c which would further destabilize transition state B over transition state A (Scheme 3). Treatment of the cycloladdition product 35 with TFA, gave N-phenyl amide 27 (Scheme 8) that was identical to the compound 27 prepared according to Scheme 6. Similarly, reductive cyclization of 36 followed by deprotection of the product 37 with TFA gave 33a (Scheme 9) that was identical to the compound 33a prepared according to Scheme 7. To the best of our knowledge the phosphine-catalysed [3+2]-cycloaddition reactions of alkenes and 2-butynamides has not been previously reported. With the aim of preparing the novel spiro-cyclic ketone 41, the racemic carboxylic acid 32 was converted to the corresponding acyl azide by treatment with diphenylphosphoryl azide (DPPA), 20 which was then heated under Curtius rearrangement conditions. Acid hydrolysis of the resulting product mixture gave ca a 1 : 1 mixture of the spiro-cyclic ketones 41 and 42 (Scheme 10).
These compounds were readily separated by column chromatography and were isolated in yields of 54% and 35%, respectively. 
Experimental
For X-ray structure determinations see supporting information. All 1 H NMR spectra were performed at 300 MHz and all 13 showed a mixture of the two diastereomers, 11 and 12, and one regioisomer 13 
3-Ethyl, 1-methyl 1-(2-Nitrophenyl)-cyclopent-3-ene-1,3-dicarboxylate (14)
To a solution of alkene 6 (1.013 g, 4.9 mmol) and ethyl 2-butynoate (0.63 mL, 5.4 mmol) in dry benzene (35 mL) was slowly added tributylphosphine (0.24 mL, 0.98 mmol). The reaction was left to stir for 6 h. Upon evaporation in vacuo of volatiles, the resulting crude product was purified by column chromatography using 20-50% EtOAc:PS as eluent to yield a peach coloured oil ( 
Ethyl 2-oxo-spiro[3`-cyclopentene-1`,3-[3H]indole]-3`-carboxylate (15)
To a solution of 14 (29.5 mg, 0.092 mmol) in EtOH (0.7 mL) and H 2 O (0.18 mL) was added activated Zn dust (96 mg, 1.5 mmol) and 8.9M HCl (0.14 mL). The reaction was heated at reflux for 2 h. Another portion of activated Zn dust (96 mg, 1.5 mmol) was added and the reaction was left at reflux for an additional 4 h. The mixture was then filtered through celite and diluted with H 2 O. The filtrate was then extracted with EtOAc and the organic extracts were combined and dried over 
Dimethyl (1S)-1-(2'-nitrophenyl)-3-cyclopentene-1,3-dicarboxylate ((S)-18)
To a solution of (S)-16 (199 mg, 0.4 mmol) in dry MeOH (10.2 mL) was added Sm(OTf) 3 
Dimethyl (1R)-1-(2'-nitrophenyl)-3-cyclopentene-1,3-dicarboxylate ((R)-19)
The title compound was prepared using a similar method to that described above for the synthesis of 
Methyl (1'R)-2-Oxo-spiro[3'-cyclopentene-1',3-[3H]indole]-3'-carboxylate ((R)-21)
(5S * )-2-Benzyl-1-oxo-2-azaspiro[4.4]non-7-ene-7-carboxylic acid (24)
A solution of a 23 (271.5 mg, 0.91 mmol) in MeOH (2 mL) contained within a sealed tube was added a solution of K 2 CO 3 (251 mg, 1.82 mmol) in water (2.5 mL). The mixture was left stirring at 40°C for 4d, another equivalent of K 2 CO 3 was added and temperature was raised to 60°C for 1d. 
Ethyl (S*)-2-oxo-spiro[3`-cyclopentane-1`,3-[3H]indole]-(3`S*)-carboxylate (43) and Ethyl (R*)-2-oxo-spiro[3`-cyclopentane-1`,3-[3H]indole]-(3`R*)-carboxylate (44)
To The title compound was prepared from 24 (48.5 mg, 0.18 mmol) and N,N-dimethylaminoaniline (26.8 mg, 0.2 mmol) using a similar method to that described for the above synthesis of 25a, however the reaction mixture was allowed to stir under N 2 at RT for 15 h. 
Ethyl (5R * )-1-oxo-2-azaspiro[4.4]non-6-ene-6-carboxylate (28)
The title compound was prepared from 10 (337.8 mg, 1.09 mmol) in dry DCM (1 mL) and the addition of TFA (1 mL) as described for the above synthesis of 22. 
2-Oxo-N-phenyl-spiro[3`-cyclopentene-1`,3-[3H]indole]-3`-carboxamide (33a)
The title compound was prepared using two methods. Method 1: The title compound was prepared from 32 (29.3 mg, 0.13 mmol) and aniline (0.02 mL, 0.22 mmol) using a similar method to that described for the above synthesis of 25a, however the reaction mixture was allowed to stir under N 2 at RT for 15 h. The crude compound was extracted with DCM, and washed with water and brine. The title compound was prepared from N-(4-methoxybenzyl)-N-phenylamine (117 mg, 0.6 mmol) and 2-butynoic acid (50.7 mg, 0.6 mmol) using a similar method to that described for the synthesis of 25a. However the reaction mixture was left stirring RT for 15 h. The crude product was purified by gradient column chromatography using 10-50% EtOAc:PS as the eluent to yield 7c as a brown oil (296.5 mg, 1.06 mmol, 66%), R f 0.62 (50% EtOAc:PS The title compound was prepared using a similar method described above for the synthesis of 9 and 10 from 4 (190 mg, 0.97 mmol) and 7c (296.5 mg, 1.06 mmol) instead of ethyl 2-butynoate. The crude compound was then purified by gradient column chromatography using 10-90% EtOAc:PS as eluent to yield 35 as a brown oil (64.3 mg, 0.13 mmol, 14%), R f 0.59 (50% EtOAc:PS To a solution of alkene 6 (26 mg, 0.12 mmol) and amide 7c (39.1 mg, 0.14 mmol) in dry benzene (3 mL) was slowly added tributylphosphine (0.02 mL, 80 μmol). The reaction was left to stir for 2d.
Upon evaporation in vacuo of volatiles the resulting crude product was purified by column chromatography using 30-50% EtOAc:PS as eluent to yield a yellow oil (33.4 mg, 0.069 mmol, 55%), R f 0.65 (40% EtOAc:PS 
2-Oxo-N-phenyl-N-(4-methoxybenzyl)-spiro[3`-cyclopentene-1`,3-[3H]indole]-3`-carboxamide (37)
To a stirred solution of 36 (87.8 mg, 0.18 mmol) in acetic acid (15 mL) was added activated Zn dust (40 mg, 0.61 mmol). After 1.5 h, the solution was filtered through celite and the filtrate was then washed with sat. Na 2 CO 3 solution and then extracted with EtOAc to yield 37 as a brown oil (12.4 
